Diabetes mellitus (DM) is characterized by an increased blood glucose level (hyperglycemia). The worldwide prevalence of DM was of $ 2.8% in 2000, and it has been projected to extend to 4.4% in 2030. The total figure of individuals with DM is estimated to escalate and double by 2030. Moreover, the occurrence of DM is higher in men than in women.
Introduction
Diabetes mellitus (DM) is characterized by an increased blood glucose level (hyperglycemia). The worldwide prevalence of DM was of $ 2.8% in 2000, and it has been projected to extend to 4.4% in 2030. The total figure of individuals with DM is estimated to escalate and double by 2030. Moreover, the occurrence of DM is higher in men than in women. Although DM is responsible for the aforementioned problems, its effect on male sterility based on impotence, retrograde ejaculation, and hypogonadism is not widely understood.
The suggestion that DM has unfavorable effects on male fertility has long been contentious. 3 Nevertheless, current studies have discovered that DM can affect the development of sperm and the production of androgens, which finally causes male infertility.
4
Morphometric studies have shown a significant difference in the diameter of the seminiferous tubules in diabetic individuals and although a constant (20-25%) total or subtotal block of spermatogenesis at spermatocytes stages 2 and 3 occur in small tubules of all animals. 5 The streptozotocin (STZ)-induced diabetic rat model is one of the most extensively used models to study the effect of DM on fertility. Testicular dysfunction and degeneration were observed under conditions of experimentally induced DM in animal prototypes.
6,7
The present study is, therefore, an attempt to investigate the effects of DM on the male reproductive system of STZinduced diabetic rat models. It also aims to quantify, through histological analysis, the rate of degeneration observed in the testes and in the epididymides caused by DM.
Materials and Methods

Experimental Animals
A total of 18 healthy adult male Wistar albino rats of both genders, weighing between 150 and 200 g, housed under standard environmental conditions of temperature and humidity (25 AE 0.5°C) and 12 hour light/dark cycle were used for the present study. The animals were fed with standard pellet diet and water ad libitum. The experimental study was performed in the central animal house after obtaining the approval from the Institutional animal ethics committee (Ref. number: IAEC/KMC/49/2013).
The rats were randomly divided into 3 groups: control group (n ¼ 6), 28-days diabetic group (n ¼ 6), and 46-days diabetic group (n ¼ 6).
Induction of Diabetes by Streptozotocin
After 7 days of acclimatization, Wistar rats were used for the induction of DM. 6 After overnight fasting, the rats were injected with a single intraperitoneal dose of streptozotocin (STZ) (40 mg/kg). Drinking water was added with glucose (5%) to overcome the STZ-induced hyperglycemia. Fasting blood glucose levels were measured using an Accu-Chek Active glucometer with glucose oxidase-peroxide reactive strips (Roche Diagnostics India Pvt. Ltd., Mumbai, India). Animals with fasting blood glucose levels > 250 mg/dl were included in the present study. On the confirmation of DM, the animals were observed for the planned duration, that is, 24 and 48 days, at the end of which the animals were sacrificed. The testes and the epididymides were dissected, and their gross weight was measured. The tissues were then fixed in 10% formalin for further studies.
Microscopic Observations
The fixed tissues were processed using paraffin embedding, and sections of 5 µm thickness were acquired at 200 µm recesses. The sections were subjected to hematoxylin and eosin (H&E) staining to evaluate the testicular and epididymal morphology. The extent of tissue damage was analyzed, quantified and documented using microscopic images with the help of ImagePro Premier 9.1 (Media Cybernetics, Rockville, MD, USA).
Histological Analysis
The mean diameters of the seminiferous tubules in the testes and of the epididymal tubules were measured using an oculometer (Erma ocular micrometer, Japan) using a magnification of 10 x. It was performed in randomly selected 25 circular tubules in different slides of the same group and calculated with the following formula. Here, the smaller diameter was considered as the width of the tubules, and the large diameter as the length of the tubules.
Next, the histopathological changes in the testicular tissue were evaluated by the Johnsen testicular biopsy score system. It describes a new and rapid method for the registration of spermatogenesis in human testes. According to this system, each tubular section is given a score from 10 to 1 according to the incidence or to the nonappearance of the chief cell types organized in the order of development. Presence of spermatozoa scores 10 or 9; of spermatids scores 7 or 6; of spermatocytes scores 5 or 4; only spermatogonia scores 3; only Sertoli cells scores 2; and no cells scores 1. A total of 50 cross-sectioned tubules in each group were evaluated systematically, and a score between 1 (very poor) and 10 (excellent) was given to each tubule according to the Johnsen criteria.
9
Statistical Analysis
The results were expressed as mean AE standard error of the mean (SEM). The data were analyzed using R software (R Foundation for Statistical Computing, Vienna, Austria). Oneway analysis of variance (ANOVA) followed by the Dunnett post-hoc test was employed to compare the control and treated groups. The Tukey post hoc test was also used to compare between the different groups (control, 24-days, and 48-days). A p-value 0.05 was considered statistically significant.
Results
The Gross Size and Weight of the Testes and of the Epididymides
The size of both the testes and the epididymides continued to show a major reduction on the 24 th and 48 th days in the diabetic groups compared with the control group (normal) (►Fig. 1).
The gross weight of the testes and of the epididymides in diabetic rats continued to reduce at 24 and 48 days in comparison with the control group. The mean weight of the testes and of the epididymides was considerably lower in the rats of both 24-and 48-days groups compared with the control group (►Fig. 2), implying a significant weight reduction in the test groups (p < 0.01 for testes, p < 0.001 for epididymis). Among the treated groups, the 48-days diabetic rats showed further reduction in the weight compared with the 24-days group. The findings were statistically significant (p < 0.01 versus the 24-days diabetic group). Although the epididymis showed a reduction, the findings were not statistically significant.
Microscopic Observation
Histological Observation of the Testes
The seminiferous tubules of the testes of the control group were healthy, showing normal testicular morphology, as well as all levels of spermatogenic cells. The Sertoli cells and the Leydig cells were viewed as normal (►Fig. 3a and b).
The diabetic animals presented a significant decrease in the diameter of the seminiferous tubules compared with the control group (p < 0.01). The structure of the tubules was disrupted. There was a considerable reduction in the number of the spermatogenic cells, that is the primary and secondary spermatocytes. Reduction in the number of spermatids was also perceived. There was a decrease in the Sertoli cells, as well as in the Leydig cells. The increased thickness of the basement membrane of the tubules was observed. Further, the spaces between the seminiferous tubules showed very less/scanty connective tissue (►Fig. 3c, d, e, f).
The surface area of the most circular seminiferous tubules was reduced pointedly in the diabetic groups as opposed to the control group. The mean diameter that was calculated using the maximum length and breadth was decreased in the diabetic group. There was a steady decline in the testes biopsy score as calculated using the Johnsen criteria to quantify the nature of the tubules. 9 All of the values were considerably reduced in the 48-days diabetic group in Fig. 2 Chart showing the comparison between the mean weight the testes and of the epididymides in the control and in the diabetic groups sacrificed at 24 and 48 days. ÃÃ p-value <0.01; ÃÃÃ p-value <0.001 versuss control. comparison with both the control and the 24-days diabetic group (►Table 1).
Histological Observation of the Epididymis
The microscopic structure of the epididymides in the control group showed normal morphology, the typical structure of the epididymal tubule, lining epithelium which is stratified columnar was noted, and abundant spermatozoa within the lumen were present (►Fig. 4a and b).
The epididymides in the diabetic groups showed a considerable reduction in the tubular surface area compared with the control group (p < 0.01). There was also a reduction in the mean diameter, which was measured using the maximum and minimum diameter of the tubules (p < 0.01) (►Table 2). The lumen of the epididymis also showed a reduction in its dimensions, almost occluded lumen and completely devoid of spermatozoa (►Fig. 4c, d, e, f). Clamping of the nuclei was observed, which was due to tubular shrinkage. The connective tissue between the tubules was sparse. The clamping of the nuclei showed an increase in the 48-days group in comparison both with the control and with the 24-days groups (►Table 2).
Discussion
Chronic hyperglycemia is a metabolic disease that threatens the world with multiple organ and system imbalances, including reproductive system dysfunction. Several results showed that sexual behavior and reproductive tract functions are markedly affected by DM, which can lead to reduced fertility. Diabetic testicular damage may be brief or lasting, depending on the degree and on the duration of the disease.
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The present study showed that STZ-induced DM and increased blood glucose causes extensive histological changes in the testes and in the epididymides of rats.
In a study conducted by Guneli et al on STZ-induced diabetic rats, it was observed DM causes the reduction of spermatogenic cells, decreases the diameter of the seminiferous tubule, and increases the thickening of the basement membrane. It was perceived that the degeneration was caused by cell apoptosis as terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) positive cells were suggestively more in the test group. 11 Ballester et al showed that the testicular sperm count, motility and testicular weight was pointedly reduced in diabetic rats. These changes were attributed to a significant reduction in the sex hormones (luteinizing hormone [LH] and follicle stimulating hormone [FSH] ) secreted by the pituitary gland in diabetic rats, which led to a decrease in the testosterone levels.
5
In the present study, the gross weight of the testes and of the epididymides was considerably reduced in the test group. The diameter of the seminiferous tubule and the number of spermatogenic cells also showed a marked reduction in the rats of the diabetic groups compared with the control group.
Similar studies were conducted in the past by authors who concluded that the effects of DM on spermatogenesis could be identified as a lessening in the testicular diameter. Histological observation of calcification and sloughing of germ cells were also unquestionably seen. 12, 13 In the present study, the degeneration of the testes as calculated using the Johnsen testicular degeneration method further confirmed infertility in the diabetic groups. Diabetes mellitus increases the thickness of the basal lamina of the tubules, which supplements the reduction of the total size of the tubular diameter of the epididymal tubules.
2 Likewise, the histological studies performed in the present scenario discovered a substantial increase in the thickness of the basal lamina, a reduction in the size of the tubules and in the lumen of the epididymal segments. Due to tubular shrinkage, the principal cells were packed tightly, showing clamping of the nuclei on one edge of the tubule. We have also measured the thickness of the clamping of the nuclei, which was seen to almost completely occlude the lumen. This finding was not documented previously in the literature.
Based on the studies conducted in the past, oxidative stress mechanisms were understood to contribute entirely or partially to the direction of the development of gonadal degeneration, utterly bereft of spermatozoa in STZ-induced diabetes in animal prototypes.
14 Diabetes-induced weight loss of reproductive organs in males has also been reported to be caused by oxidative stress leading to the atrophy of the sex organs. 15 The present study also showed a consistently significant reduction in the weights of the testes and of the epididymides. Numerous epididymal tubules were noted to be completely lacking in spermatozoa. Hyperglycemia in diabetes increases the level of reactive oxygen species (ROS), which leads to DNA damage in the testes and, therefore, to a major reduction in the sperm motility, count, and viability.
16 Diabetes mellitus also results in an increase in the levels of testicular malondialdehyde (MDA), a product of lipid peroxidation, and a reduction in the antioxidant levels, such as in the activity of superoxide dismutase (SOD), which leads to oxidative injury. 17 An obvious increase in the MDA levels in diabetic rats has also been reported experimentally.
17
Diabetes mellitus is also accompanied by the overexpression of inducible nitric oxide synthase (iNOS) and of nuclear factor kappa-light-chain-enhancer of activated B cells p-65 (NF-κB-p65), with a simultaneous upsurge in the testicular nitric oxide (NO) levels. The NO further produces reproductive dysfunction by causing testicular injuries that result in testicular atrophy and apoptosis.
18,19
Aromatase, a member of the cytochrome P450 family, plays a vital role in the process of development and reproduction. 20 It has been reported that the expression of aromatase markedly decreases in the testicular tissues of diabetic rats. 21 Therefore, the reduced aromatase levels might be one of the critical mechanisms responsible for male reproduction dysfunctions in DM.
16
The present study also endorses these molecular mechanisms as a possible explanation for the degenerative changes encountered in the testes and in the epididymides of diabetic rats.
In a study, 4 weeks after the STZ treatment, a significant increase in degenerated germ cells at various stages of development was observed. 22 In the current scenario, degeneration was observed as beginning at 4 weeks, and it was more marked at 8 weeks. However, although STZ-induced DM in various animal studies has been demonstrated as a successful model for studying the manifestations of DM, it has been reported that high doses of STZ might induce damage in tissues besides the pancreas. 10 In the past, authors have opined that the morphologic alterations observed in the testes of STZ-induced diabetic rats are not caused by a direct effect of the drug, but rather by DM. 23 It remains uncertain if the damages are owing to DM or to STZ itself. Diabetic testicular dysfunction may be brief or lasting, depending on the degree and on the duration of the disease. 12 However, the present study suggests that the long-term follow-up of 24 days and of 48 days of STZ-induced diabetic rat models showed significant changes in the histology of male reproductive organs. Moreover, it also showed a decrease in all types of spermatogenic cells in the seminiferous tubules, as well as absence of spermatozoa in the lumen of the epididymal tubules with clamping of the nuclei, which occluded the lumen of the tubules.
Conclusion
The present study gives an insight to the microscopic changes occurring in male reproductive organs, such as testes and epididymides in DM. We have made an attempt to quantify the changes and to provide reference data for future studies in the field. The present study contributes to the existing literature regarding the degenerative effects of STZ-induced DM on the male reproductive system.
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